tin), however, Ge also suffers from drastic capacity decay and poor rate performance owing to the severe volume changes (about 300%) during repeated charge/discharge processes. [10] One approach to improving the electrochemical performance is to use nanosized materials, especially 1D nanotubes or nanowire structures, due to their short lithium-ion diffusion lengths and excellent electrical conductivities. [11] [12] [13] [14] [15] [16] [17] Many strategies have been developed to synthesize 1D structured materials, such as the hydrothermal, [15, 16] chemical-vapor deposition, [18] [19] [20] [21] [22] electrospinning, [23] and chemical polymerization [24] methods. Another method is to use a carbon matrix, which could accommodate volume changes, enhance electrical conductivity of the electrode, and serve as an active material for lithium storage. [25] [26] [27] [28] In particular, nanoparticles encapsulated in carbon nanotubes represent the most desirable structure, which could not only benefit from the advantages of 1D structure, but also provide void spaces to buffer the volume changes of active materials. [29] [30] [31] [32] For example, Chu and co-workers prepared peapod-like Ge/CN x with Ge incorporated in a CN x layers by using a chemical polymerization method to coat a polypyrrole layer on the surfaces of GeO 2 nanowires. [29] Yu and co-workers synthesized carbonnanofiber-encapsulated Ge nanoparticles through the electrospinning method. [32] The active material nanoparticles were not very uniformly distributed within the carbon nanotubes, however, which may mean that the void spaces cannot Lithium-ion batteries (LIBs), as the most advanced energy storage device, have been widely applied in electrical vehicles, portable electronics, and smart grids. [1, 2] The commercialized graphite anodes, however, cannot satisfy the demand for high-energy, next-generation batteries because of the low theoretical specific capacity (372 mAh g −1 ) of graphite. [3] Therefore, anode materials with high capacity have been introduced, such as Si, Ge, and Sn. [4, 5] Among these, germanium has attracted considerable attention as a superior anode material owing to its excellent electrical conductivity, outstanding lithium-ion diffusivity, and large theoretical capacity. [6] [7] [8] [9] Similar to other anode materials (like silicon and (2 of 7) 1700920
www.small-journal.com be fully utilized to accommodate volume changes. Therefore, it is extremely attractive to design a novel strategy to synthesize 1D structured materials with uniformly distributed active materials. Capillary action is a facile strategy to synthesize novel 1D structured materials through filling the hollow cavities of nanotubes with the chosen materials. [33] Numerous efforts have been devoted to drawing different foreign materials in the liquid or molten phase into the hollow inner cavities by using capillary action to synthesize 1D structured materials. [34] [35] [36] [37] [38] [39] The surface tension of the foreign materials, however, is the most important parameter for successful filling, which should be less than 200 mN m −1 . [40] Hence, only materials with low surface tension could be introduced into the hollow cavities by using capillary action. Therefore, it is still a big challenge to introduce high surface tension materials into the inner hollow cavities to fabricate 1D structured materials, which are expected to provide breathtaking opportunities for practical applications and fundamental research.
Herein, we present a feasible strategy to synthesize coreshell GeO 2 /NaCl@polypyrrole nanotubes by utilizing capillary action, which could be further transformed into a 1D Ge@N-doped carbon nanotubes (Ge@N-CNTs) composite, with Ge nanoparticles uniformly distributed in the N-CNTs. The successful fabrication of Ge nanoparticles uniformly encapsulated in N-CNTs lies in two key aspects. First, as a high surface tension material, GeO 2 (250 mN m ) could not be directly introduced into the hollow cavities in the molten phase by using capillary action. [41] Even after it is dissolved in NaOH solution to form a liquid phase, the surface tension of the solution is still larger than the cut-off value, which also cannot be introduced into the hollow cavities by using capillary action. The surface tension could be decreased, however, through adding poly(vinylpyrrolidone) (PVP), and then the solution could be induced into the robust PPy nanotubes to form the core-shell GeO 2 /NaCl@polypyrrole (PPy) nanotubes composite by utilizing capillary action. Second, through reducing GeO 2 to Ge and removing NaCl with a further annealing and centrifuging treatment, a composite of Ge nanoparticles uniformly distributed in the N-CNTs could be obtained. The uniformly distributed Ge nanoparticles could effectively utilize the void spaces provided by the unique 1D structure during cycling, which could preserve the original structure of the Ge@N-CNTs and achieve prolonged cycling stability. When investigated its lithium storage performance, the Ge@N-CNTs demonstrated enhanced cycling stability and excellent rate capacity.
The synthesis process to fabricate the Ge@N-CNTs and Ge/N-CNTs composites is illustrated in Figure 1 . First, uniform PPy nanotubes with a hollow inner cavity and open tips, which are favorable for capillary action, are synthesized through the polymerization method in a relatively large quantity. Second, the PPy nanotubes are mixed with a GeO 2 and NaOH aqueous solution, followed by adjusting the pH of the solution to 7 with diluted HCl. Then, PVP is added into the solution, which can decrease the surface tension and thus increase the effect of capillary action to fill the inner hollow cavities with GeO 2 /NaCl in an aqueous solution. [42] Therefore, by utilizing capillary action, a core-shell GeO 2 / NaCl@PPy nanotubes composite is formed through inducing GeO 2 /NaCl into the inner hollow cavities after drying at 60 °C. Finally, the unique 1D structured Ge@N-CNTs composite with Ge nanoparticles uniformly encapsulated in N-CNTs is obtained through a carbonization and annealing process in H 2 atmosphere, followed by the removal of NaCl by centrifuging. As shown in the transmission electron microscope (TEM) images ( www.small-journal.com of core-shell GeO 2 /NaCl@PPy nanotubes could be further confirmed by elemental mapping images (Figure 2 ), which reveal that GeO 2 and NaCl are completely filled into the hollow inner cavity and uniformly distributed along the axial direction of a nanotube. The GeO 2 /NaCl could not be induced into the hollow cavities of PPy nanotubes, however, without adding PVP. This was because the surface tension of GeO 2 /NaCl solution is too high to draw GeO 2 /NaCl into the inner hollow cavities. All of the GeO 2 /NaCl nanoparticles are dispersed on the outside of the PPy nanotubes instead of filling the hollow cavities. Therefore, Ge/N-CNTs with Ge nanoparticles aggregated on the outside of the N-CNTs could be obtained after further annealing and centrifugal treatment ( Figure 1 and Figure S2 , Supporting Information). This implies that the PVP could increase the effect of capillary action through decreasing the surface tension. Moreover, the distribution of the nanoparticles in the composite could be easily tuned by adjusting the surface tension. During the heating process, the N-CNTs content was totally burned out, and the Ge was oxidized into GeO 2 with increasing temperature. Therefore, based on the weight of GeO 2 , the content of Ge can be calculated. By using this method, the Ge contents are determined to be 70.5 and 72.5 wt% in the Ge/N-CNTs and Ge@N-CNTs, respectively, according to the thermogravimetric analysis data ( Figure S3 , Supporting Information).
The X-ray diffraction (XRD) patterns are manifested in www.small-journal.com Ge/N-CNTs could be assigned to the cubic Ge (JCPDS No. 04-0545) without any impurities, demonstrating that the GeO 2 has been successfully reduced to Ge and that the NaCl has been fully removed. In addition, no obvious carbon diffraction peak can be detected because of the amorphous nature of the N-CNTs. The Raman spectra are shown in Figure 3b . For pure Ge, the peak centered at 300 cm −1 could be assigned to metallic Ge. As for the pure N-CNTs, peaks located at 1350 and 1580 cm −1 can be indexed to the D and G bands, respectively. Therefore, three peaks appeared at 300, 1350, and 1580 cm −1 for the Ge@N-CNTs and Ge/N-CNTs, which can be attributed to metallic Ge, the D and G bands of N-CNTs, respectively. It is worth mentioning that FeCl 3 could be easily washed away after centrifugal treatment with ethanol and deionized water during the synthesis process of PPy nanotubes. In addition, there is no peak of residual Fe in the XRD patterns and Raman spectra, indicating that there is no Fe in the final product. As can be observed from the SEM image (Figure 3c) , a large quantity of Ge@N-CNTs composite generally inherits the uniform tubular structure and diameter of the core-shell GeO 2 /NaCl@PPy nanotubes. The TEM image (Figure 3d and Figure S4 , Supporting Information) further shows the details of the unique Ge@N-CNTs composite. The dark inner Ge cores are homogeneously encapsulated by the N-CNTs shells, and there are some void spaces not only between the individual Ge nanoparticles, but also between the Ge core and the N-CNTs shells. These uniformly distributed Ge nanoparticles could effectively use these void spaces to accommodate a large volume expansion during the cycling processes, thus preventing agglomeration of the electrode materials. It is notable that these void spaces are generated not only from the reduction treatment of GeO 2 in H 2 gas, but also from the removal of NaCl after centrifuge treatment. The elemental mapping results for C, N, and Ge further demonstrate that the Ge nanoparticles are uniformly distributed along the axial direction of the tube (Figure 3e-g ). Moreover, the N doping in the CNTs could improve the electrical conductivity, which additionally contributes to the enhanced electrochemical performance. In addition, as shown in Figure 3h , the element mapping for oxygen is negligible, indicating that the GeO 2 has been completely reduced to Ge during the annealing treatment. This maybe because the PPy nanotubes have open ends, which could allow the hydrogen gas flow into the cavities and reduce the GeO 2 . All of these data demonstrate the successful fabrication of this unique Ge@N-CNTs structure with Ge nanoparticles uniformly encapsulated in the N-CNTs.
To demonstrate the structural advantages of the Ge@N-CNTs, the electrochemical performances of both the Ge@N-CNTs and the Ge/N-CNTs composites were investigated. The specific capacity was calculated using both N-CNTs and Ge composite. , respectively, with a Coulombic efficiency of 52%. On the other hand, the Ge@N-CNTs composite shows a higher initial Coulombic efficiency of 68%, and its initial discharge and charge capacities are 1725 and 1176 mAh g −1 , respectively. The lithium storage mechanism of the Ge@N-CNTs was investigated by using cyclic voltammetry (CV), as shown in Figure 4b . There is a small reduction peak located at 0.16 V in the first cycle, which could be attributed to the formation of Li-Ge phase. [43] [44] [45] [46] This peak disappears, however, after the first cycle, and new peak appears at 0.36 V, suggesting the phase transition from lithiated Li x Ge to amorphous Ge. [47] In the case of Ge/N-CNTs, there is an obvious reduction peak centered at 1.3 V in the first cycle, which could be assigned to the formation of a solid electrolyte interphase (SEI) film between the Ge nanoparticles and the electrolyte ( Figure S5 , Supporting Information). Figure 4c presents the cycling stability of the Ge@N-CNTs and Ge/N-CNTs composites at a constant current density of 100 mA g −1 in the potential range of 0.01-1.5 V. Clearly, the Ge@N-CNTs presents an enhanced cycling stability and higher reversible capacity compared to the Ge/N-CNTs. Specifically, the Ge@N-CNTs composite still delivers a high discharge capacity of 892 mAh g −1 beyond 200 cycles. Moreover, it demonstrates better Coulombic efficiency compared to the Ge/N-CNTs, showing the better reversibility of the Ge@N-CNTs (Figure 4c and Figure S6 , Supporting Information). The rapid capacity fading is due to the huge volume changes during the cycling process, which would not only lead to the pulverization and loss of active material, but also the continuous regeneration of the SEI film. As for the Ge@N-CNTs, the enhanced cycling stability demonstrates the advantages of the unique 1D structure, which could preserve the stable SEI films by accommodating the large volume expansion. The rate capabilities of the Ge@N-CNTs and Ge/N-CNTs composites were also investigated at various current densities. The Ge@N-CNTs shows considerably improved rate performance when compared with the Ge/N-CNTs at all high current densities (Figure 4d) . The specific capacities of the Ge@N-CNTs composite at the current densities of 3200 and 6400 mA g −1 were still 850 and 770 mAh g −1 , respectively. The Ge@N-CNTs still deliver a reversible capacity of 725 mAh g −1 , even at the high current rate of 8000 mA g −1 , whereas the Ge/N-CNTs only exhibit an average capacity of 220 mAh g −1 at the current rate of 8000 mA g −1 . In addition, the Ge@N-CNTs composite shows very good cycling stability at high current density. As shown in Figure S7 (Supporting Information), Ge@N-CNTs still deliver a reversible capacity of 715 mAh g −1 over 180 cycles at the current density of 8000 mA g −1
. The enhanced electrochemical performance of the Ge@N-CNTs composite could be attributed to the unique Ge nanoparticles encapsulated in the N-CNTs shells. Specifically, the Ge nanoparticles could facilitate Li + ion transport through reducing the diffusion distance. Furthermore, the void spaces and the N-CNTs could effectively suppress the huge volume expansion during cycling processes. In addition, the interconnected network of the N-CNTs could afford good electrical conductivity of the electrode and prevent electrical isolation after prolonged cycling. Therefore, when investigated as anode material, the Ge@N-CNTs composite manifests high specific capacity, enhanced cycling stability, and excellent rate capacity. The structural stability of the Ge@N-CNTs and Ge/N-CNTs was also investigated with ex situ TEM after alloying and dealloying. As can be seen from the TEM image ( Figure S6a , Supporting Information), the 1D structure of the Ge@N-CNTs is well preserved after full alloying. Li x Ge completely fills the inner hollow cavity, and the diameter of the nanotube increases from 300 nm to about 500 nm, indicating that the void spaces and N-CNTs could effectively accommodate the volume expansion. Moreover, the structure recovered well after the dealloying process, and the Ge nanoparticles became porous after the extraction of Li during the recharge process ( Figure S6b , Supporting Information), which is consistent with previous reports. [48, 49] For the Ge/N-CNTs composite, on the other hand, the bare Ge nanoparticles aggregated together after full lithiation, with the diameter of the N-CNTs slightly increased from 300 to 330 nm ( Figure S6c , Supporting Information). Furthermore, after dealloying, the size of the Ge particles became significantly smaller after the extraction of Li ( Figure S6d, Supporting Information) , which would lead to the continuous regeneration of SEI film in the following cycles. As shown in Figure S9 (Supporting Information), even after 200 cycles, the unique 1D structure of the Ge@N-CNTs could be well preserved. These results imply enhanced structural stability of the unique 1D structure, with Ge nanoparticles uniformly distributed in the N-CNTs during cycling, which results in the enhanced electrochemical performance of the Ge@N-CNTs.
In conclusion, we have presented a novel strategy to fabricate Ge@N-CNTs composite with Ge nanoparticles uniformly encapsulated in N-CNTs shells by using capillary action. Through adding PVP, the high-surface-tension GeO 2 / NaCl solution could be induced into the inner hollow cavities of the PPy nanotubes to form a core-shell GeO 2 /NaCl@PPy nanotubes composite. After further reducing GeO 2 to Ge and removing NaCl, the unique Ge@N-CNTs composite with Ge nanoparticles uniformly distributed in the N-CNTs could be obtained. The Ge@N-CNTs demonstrate enhanced cycling stability and excellent rate capability in comparison with Ge/N-CNTs, which could be attributed to the efficiently utilization of the void spaces provided by the uniformly distributed Ge nanoparticles. Moreover, the present strategy could be a general method to fabricate other 1D structured materials with enhanced electrochemical performance.
Experimental Section
Synthesis of PPy Nanotubes: PPy nanotubes were synthesized using a previously reported method. [50] In a typical synthesis process, methyl orange (0.25 × 10 −3 m) was added in deionized water (100 mL), and then FeCl 3 (1.35 g) was dissolved to the solution. Then, the pyrrole monomer (5 × 10 −3 m) was dissolved into the mixture dropwise. The solution was stirred for 24 h at room temperature. The thus-formed PPy nanotubes were washed with ethanol and deionized water several times. Then, PPy nanotubes with an inner cavity about 100 nm in diameter were obtained. Synthesis of Ge@N-CNTs: PPy nanotubes (50 mg) were first added into deionized water (50 mL), followed by ultrasonication for 1.5 h to form a suspension. Meanwhile, GeO 2 (144 mg) were dissolved in NaOH solution (100 mL). After stirring for 1.5 h, the two solutions were mixed together, and then vigorously stirred for 20 min. The pH of the solution was slowly adjusted to 7 with dilute HCl. Then, PVP (MW = 10 000) (8 mg) was added into the solution. After drying out, the sample was annealed to 650 °C in a tube furnace at a rate of 5 °C min −1 in argon atmosphere. When the temperature reached 650 °C, the argon gas was replaced by H 2 gas, www.small-journal.com and the reaction proceeds for 4 h. Finally, the sample was left to cool down to room temperature and then washed with ethanol and deionized water several times. To synthesize Ge/N-CNTs, the same method is used, but without adding PVP. Materials Characterization: The crystalline structures of the samples were analyzed by powder XRD (GBC MMA) using Cu Kα radiation. Raman spectra were carried out by using JOBIN YVON HR800 Confocal system. Thermogravimetric analysis (TGA) tests were collected with a TGA instrument (Mettler-Toledo, Switzerland) from room temperature to 800 °C at a rate of 10 °C min −1 in air.
The morphologies of the materials were investigated by scanning electron microscopy (JSM-7500FA, JEOL) and transmission electron microscopy (JEM-ARM200F, JEOL). Electrochemical Measurement: 2032-type coin-cells were used to test the electrochemical performance. The electrodes were prepared by mixing the active material (80 wt%), Super P (10 wt%), and sodium carboxymethyl cellulose (10 wt%) in deionized water. The slurry was then cast on Cu foil and dried at 80 °C for 12 h in a vacuum oven. The working electrodes were prepared by punching the Cu film into discs 0.97 cm in diameter, and the loading mass of the active material for all the electrodes was at least 1.1 mg cm −2 . The coin-cells were assembled in an argon-filled glove box (Mbraun, Germany) with the prepared active material on Cu foil as working electrode, lithium foil as counter electrode, microporous polyethylene (Celgard 2400) as the separator, and 1 m LiPF 6 in a mixture of ethylene carbonate (EC), diethylcarbonate (DEC), and dimethyl carbonate (DMC) (3:4:4 by volume) as electrolyte. The assembly process was carried out in an argon-filled glove box with the oxygen and humidity levels under 0.1 ppm (Mbraun, Germany). The galvanostatically discharge and charge processes were carried out on a Land battery tester between 0.01 and 1.5 V versus Li + /Li. Cyclic voltammetry was conducted with a Biologic VMP-3 electrochemical workstation.
Supporting Information
Supporting Information is available from the Wiley Online Library or from the author.
